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Abstract 
A new metric, the Levelized Cost of Coating (LCOC), is derived in this paper to evaluate and compare alternative solar selective 
absorber coatings against a baseline coating (Pyromark 2500).  In contrast to previous metrics that focused only on the optical 
performance of the coating, the LCOC includes costs, durability, and optical performance for more comprehensive comparisons 
among candidate materials.  The LCOC is defined as the annualized marginal cost of the coating to produce a baseline annual 
thermal energy production.  Costs include the cost of materials and labor for initial application and reapplication of the coating, 
as well as the cost of additional or fewer heliostats to yield the same annual thermal energy production as the baseline coating.  
Results show that important factors impacting the LCOC include the initial solar absorptance, thermal emittance, reapplication 
interval, degradation rate, reapplication cost, and downtime during reapplication.  The LCOC can also be used to determine the 
optimal reapplication interval to minimize the levelized cost of energy production.  Similar methods can be applied more 
generally to determine the levelized cost of component for other applications and systems. 
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Nomenclature 
Ah,b Total mirror area of heliostat field to produce baseline annual energy (m2) 
Ar Receiver surface area to be coated (m2) 
C Annualized cost of coating ($/yr) 
DNIannual Annual direct normal solar irradiance (kWh/m2/year) 
DR Degradation rate of coating selective absorber efficiency (%/year) 
DT Downtime due to coating reapplication (years) 
E Average annual energy absorbed (MWht/yr) 
Eb Annual energy absorbed by the baseline coating (kWh/year) 
Edeg Average annual energy lost due to degradation of coating (kWh) 
Edt Average annual energy lost due to downtime for reapplication (kWh) 
Ei Annual energy absorbed by coating i (kWh/year) 
Enew Annual energy absorbed when new (kWh) 
IC Initial coating cost including labor ($/m2) 
HC Heliostat cost per area ($/m2) 
HFC Heliostat field costs of additional (or fewer) heliostats to yield a baseline thermal energy production ($)  
n Lifetime of plant (years) 
RC Reapplication cost of coating including labor ($/m2) 
RI Reapplication interval (years) 
E: Constant =
,h b annual stA DNI K  (kWh) 
J: Constant =    ( )
HC
DNIa st selK K
 ($/(kWh/y))
 
Kst: Solar to thermal collection efficiency† 
Ksel: Selective absorber efficiency, 4s
sel
Q T
Q
D HVK  , where Ds is the solar-weighted absorptance of the coating, 
H is the thermal emittance of the coating, Q is the irradiance on the receiver (W/m2), V is the Stefan-
Boltzmann constant (5.67x10-8 W/m2/K4), and T is the surface temperature (K) 
 
1. Introduction 
Increased operating temperatures (>600°C) of concentrating solar power (CSP) receivers are being pursued to 
increase power cycle efficiency, reduce material costs for thermal storage, and lower the overall cost of electricity 
from CSP.  However, higher operating temperatures result in increased radiative thermal losses and potentially 
increased degradation of receiver materials. Therefore, research is being conducted to identify durable selective 
absorber coatings that will maximize solar absorptance in the visible and near-infrared wavelengths (~400 – 2500 
nm) while minimizing thermal emittance in the infrared wavelengths (~1 – 20 microns) [1-4].  Pyromark® Series 
2500 high temperature paint has been used on previous CSP central receivers and is considered a standard [5].  
Pyromark 2500 has a high solar absorptance of 0.96 (new), but with a high thermal emittance of 0.85 – 0.9, it suffers 
from large radiative losses during high temperature operation. It also showed significant degradation at higher 
temperatures (>700°C) when operated in air, causing a decline in performance and potentially added operating costs 
for CSP facilities [5].  In this paper, a new metric, called the Levelized Cost of Coating (LCOC), is introduced to 
evaluate alternative candidate solar selective absorber materials against Pyromark 2500.  The LCOC accounts for 
 
 
† This accounts for collector efficiency (e.g., heliostat cosine losses, availability, defocus, mirror reflectivity, blocking & shading, atmospheric 
attenuation, spillage), startup losses, convection, conduction, and receiver piping losses.  This is assumed to be constant.  It does not include 
absorptance and re-radiation losses, which depend on the specific coating material and are accounted for in the selective absorber efficiency, Ksel. 
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annualized costs, performance, and durability of the coating, and it can be used to evaluate optimal reapplication 
intervals and combinations of parameters that minimize the LCOC.   
Previously, the metric used for selective absorber coatings, Ksel, has been based on the ratio of the net radiative 
energy absorbed and retained by a surface to the net radiative energy absorbed and retained by an ideal selective 
absorber with an absorptance of one and an emittance of zero [5, 6] : 
 
4
s
sel
Q T
Q
D HVK   (1) 
where Ds is the solar absorptance, Q is the irradiance on the receiver (W/m2), H is the thermal emittance, V is the 
Stefan-Boltzmann constant (5.67x10-8 W/m2/K4), and T is the surface temperature (K).  This metric is useful for 
comparing the performance of different selective absorber coatings, but it does not account for other important 
factors such as cost and durability. 
2. Derivation of the LCOC 
A new metric, similar to the levelized cost of energy (LCOE), is introduced that accounts for annualized 
performance, costs, and reliability/durability.  This new metric, called the levelized cost of coating (LCOC), is 
defined as the ratio of the total annualized coating costs ($) to the annual thermal energy absorbed (MWht): 
 LCOC = C/E (2) 
where 
 
C = total annualized coating costs ($/yr) 
 = initial coating cost/life of plant + recoating costs/recoating interval + annualized cost of additional (or fewer) 
heliostats to yield a baseline annual thermal energy production 
E = average annual energy absorbed (MWht/yr) 
 = annual thermal energy absorbed (new) – annualized lost absorbed energy due to degradation – annualized 
lost absorbed energy due to down time for reapplication of coating 
These parameters depend not only on the selective absorber efficiency, Ksel, which impacts the thermal energy 
absorbed, but also on degradation rate, downtime, material costs, and reapplication costs.  The LCOC metric 
provides a more comprehensive means of comparing alternative coatings and selective absorbers for use in 
concentrating solar power systems. 
In Eq. (2), the total annualized costs, Ci, and average annual energy absorbed, Ei, can be written as follows for a 
particular material, i: 
 i r i r i
i
i
IC A RC A HFCC
n RI n
    (3) 
 
, , ,i new i deg i dt iE E E E    (4) 
where  
IC: Initial coating cost including labor ($/m2) 
Ar: Receiver surface area to be coated (m2) 
n: Lifetime of plant (years) 
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RC: Reapplication cost of coating including labor ($/m2) 
RI: Reapplication interval (years) 
HFC: Heliostat field costs of additional (or fewer) heliostats to yield a baseline thermal energy production ($); 
defined in Eq. (8) 
Enew: Annual energy absorbed when new (kWh) 
Edeg: Average annual energy lost due to degradation of coating (kWh) 
Edt: Average annual energy lost due to downtime for reapplication (kWh) 
 
The annual energy absorbed when new is defined as follows: 
 
, , , ,new i h b annual st sel i sel iE A DNI K K EK   (5) 
where 
Ah,b: Total mirror area of heliostat field to produce baseline annual energy (m2) 
DNIannual: Annual direct normal solar irradiance (kWh/m2/year) 
Kst: Solar to thermal collection efficiency‡ 
Ksel: Selective absorber efficiency, 
4
s
sel
Q T
Q
D HVK  , where Ds is the solar-weighted absorptance of the coating, 
H is the thermal emittance of the coating, Q is the irradiance on the receiver (W/m2), V is the Stefan-
Boltzmann constant (5.67x10-8 W/m2/K4), and T is the surface temperature (K) 
E: Constant =
,h b annual stA DNI K  (kWh) 
 
The average annual energy lost due to degradation is defined as follows: 
  , , / 2deg i new i i iE E DR RI  (6) 
where 
DR: Degradation rate of coating selective absorber efficiency (%/year)§ 
 
The average annual energy lost due to downtime for reapplication of the coating is defined as follows: 
  /, ,E E DT RIdt i new i i i  (7) 
where 
DT: Downtime due to coating reapplication (years) (divide days of anticipated downtime by 365 days/year) 
 
 
 
‡ This accounts for collector efficiency (e.g., heliostat cosine losses, availability, defocus, mirror reflectivity, blocking & shading, atmospheric 
attenuation, spillage), startup losses, convection, conduction, and receiver piping losses.  This is assumed to be constant.  It does not include 
absorptance and re-radiation losses, which depend on the specific coating material and are accounted for in the selective absorber efficiency, Ksel. 
§ The degradation is assumed to occur linearly over time, and we integrate the lost energy over the reapplication interval, which is the area of 
a triangle (hence the division by two). 
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The heliostat field costs of additional (or fewer) heliostats to yield a baseline thermal energy production is 
defined as follows: 
       ( )
HC E Eb iHFC E Ei b iDNIannual st sel
J
K K

    (8) 
where 
Eb: Annual energy absorbed by the baseline coating (kWh/year) 
Ei: Annual energy absorbed by coating i (kWh/year) 
HC: Heliostat cost per area ($/m2) 
J: Constant =    ( )
HC
DNIa st selK K
 ($/(kWh/y))
 
The marginal LCOC for material i to yield a baseline annual energy production, Eb, can then be defined as 
follows using Eqs. (2) - (8): 
 , ,
,
1 1
2 2
1
2
i i b b b i i i
r sel b sel i
i b ii
i
b b b b
sel b
b
IC RC DR RI DT DR RI DTA
n RI n RI RICLCOC
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 (9) 
Note that for the baseline coating, Eq. (9) simplifies to the following: 
 
, 1 2
b b
r
b
b
b b b
sel b
b
IC RCA
n RI
LCOC
DR RI DT
RI
EK
§ ·
¨ ¸
© ¹ 
§ ·
 ¨ ¸
© ¹
 (10) 
Eqs. (9) and (10) can be used to determine the LCOC as a function of the reapplication interval, RI, and measured 
performance parameters and estimated costs.  Thus, the optimal reapplication interval can be determined to 
minimize the LCOC for any coating.  In the next quarter, sample plots will be generated to illustrate this application. 
The ratio of the LCOC for a material, i, relative to the baseline LCOC can now be calculated.  If this ratio is less 
than one, the LCOC of the material is less than the baseline LCOC and the candidate material is deemed acceptable: 
 1i
b
LCOC
LCOC
d  (11) 
or, using Eqs. (9) and (10): 
 , ,1 12 2
1
i i b b b i i i
r sel b sel i
i b i
b b
r
b
IC RC DR RI DT DR RI DTA
n RI n RI RI
IC RCA
n RI
JE K K
ª º§ · § · § ·
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 (12) 
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In Eqs. (9) and (12), the coating costs that are required include the initial coating cost, IC, and reapplication cost, 
RC, per unit surface area.  The coating performance parameters that are required include the selective absorber 
efficiency (determined from the measured absorptance and emittance, irradiance, and surface temperature), the 
degradation rate (estimated from measured reflectance measurements during high-temperature exposure tests), and 
the downtime during reapplication (estimated based on required time for application processes).  The reapplication 
interval is a parameter that can be controlled by the plant operator, and it can be optimized to minimize the LCOC as 
described in the next section.  
3. Results and applications of the LCOC 
A baseline LCOC for Pyromark 2500 was calculated to be $0.055/MWhth assuming nominal values in Table 1. 
Probabilistic analyses were also performed to quantify the uncertainty in the LCOC and identify the most important 
parameters that could reduce the LCOC assuming uniform distributions of parameter values shown in Table 1.  
Ranges of parameter values were based on available published values [5, 7, 8] and professional judgment.  Results 
showed that the distribution of marginal LCOC values relative to the baseline LCOC with Pyromark 2500 varied 
between -0.09/MWht to $1.01/MWht, accounting for the cost of additional (or fewer) heliostats required to yield the 
same baseline average annual thermal energy produced by the receiver.  A stepwise multiple rank regression 
analysis showed that the initial solar absorptance was the most significant parameter impacting the LCOC, followed 
by thermal emittance, reapplication interval, degradation rate, reapplication cost, and downtime during reapplication 
(Figure 1). Factors that increased the net solar absorptance increased the average annual thermal energy production 
from the receiver and reduced the number of heliostats and costs required to produce the same baseline thermal 
energy required. The initial material and application costs were not found to be statistically significant to the LCOC 
calculation using the assumed values in this study. 
 
Table 1.  Input parameter uncertainty distributions for probabilistic LCOC analysis of alternative selective absorber materials.  
Input Parameter 
Baseline 
(Pyromark 
2500) Min Max 
Initial Absorptance 0.96 0.75 0.97 
Initial Emittance 0.87 0.4 0.9 
Coating material cost ($/m2) $5.41 $5.00 $50.00 
Initial coating application cost ($/m2) $287 $143 $430 
Plant life (years) 30 30 30 
Re-application interval (years) 5 1 15 
Reapplication cost ($/m2) $286 $142.85 $428.56 
Downtime during reapplication (days) 12 6 18 
Degradation rate (%/year) 0.50% 0.25% 0.75% 
Receiver irradiance (kW/m2) 600 600 600 
Receiver surface temperature (°C) 700 700 700 
Receiver area (m2) 1005 1005 1005 
Heliostat mirrors area (m2) 1.2x106 1.2x106 1.2x106 
Annual DNI (kWh/m2) 2700 2700 2700 
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Figure 1.  Standardized rank regression coefficient of the various input parameters showing the relative importance of each parameter on the 
calculated LCOC value.  The sign of the coefficient indicates a positive or negative correlation. 
Using the LCOC, we also demonstrated how the coating reapplication interval (a parameter we can control) can 
be optimized to minimize the LCOC for a set of measured or estimated values for a particular coating (e.g., initial 
cost, reapplication cost, absorptance, emittance, degradation rate, downtime).  The LCOC is plotted as a function of 
different reapplication intervals for an alternative solar selective coating material with hypothetical properties shown 
in Table 2.  Figure 2 shows that there is an optimal reapplication interval to minimize the LCOC.  Alternative 
combinations of costs and performance parameters can yield different optimal reapplication intervals. 
 
Table 2.  Parameters used in example of reapplication interval optimization. 
Parameter Pyromark 2500 (baseline) Coating i 
Initial coating cost ($/m2) 287 400 
Reapplication cost ($/m2) 286 400 
Degradation rate (fraction of energy loss per year) 0.005 0.005 
Downtime during reapp (days) 12 6 
Solar absorptance 0.96 0.94 
Thermal emittance 0.87 0.5 
Selective absorber efficiency 0.89 0.90 
Reapplication interval (years) 5 variable 
 
 
It should be noted that the marginal LCOC is useful for comparing alternative solar selective coatings against a 
baseline.  However, the absolute value of the LCOC given in Eq. (10) should not be directly compared against 
alterative coatings if the annual energy absorbed in the denominator is different.  In order to compare absolute 
values of the LCOC, the numerator of Eq. (9) must include the balance of the cost of the plant in addition to the cost 
of the coating, similar to the levelized cost of energy (LCOE).  Additional studies are being performed to evaluate 
the LCOC with total system costs so that it can be compared on an absolute basis, similar to the LCOE. 
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Figure 2.  Example of optimization of reapplication interval to minimize the LCOC for a candidate coating.  The baseline LCOC assumes a fixed 
reapplication interval of 5 years. 
4. Conclusions 
A new metric, the LCOC (Levelized Cost of Coating) has been developed to provide a more comprehensive 
comparison among solar selective coatings.  Initial and recurring costs, durability, and performance metrics have 
been integrated in the new LCOC metric.  Marginal LCOC values can be computed to compare alternative selective 
coatings against a baseline.  Results show that important factors impacting the LCOC include the initial solar 
absorptance, thermal emittance, reapplication interval, degradation rate, reapplication cost, and downtime during 
reapplication. In addition, the LCOC can be used to determine an optimal reapplication interval of the coating to 
minimize the LCOC.  The definition of the LCOC metric can be applied more generally to other components and 
technologies as well.  For example, in CSP, a general LCOC (levelized cost of component) can be applied to new 
reflective materials and collectors, heat transfer fluids, thermal storage media, power cycles, and O&M cost 
reduction methods. The LCOC can also be applied to components in other renewable energy technologies such as 
photovoltaics, wind, and water energy. 
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